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Abstract
Pt(II) complexes of N,N-diphenylpyridineamine or 4-diphenylphosphino derivatized
triphenylamine as novel electron donors and alkynyl derivatized benzothiadiazole as electron
acceptors were synthesized. All the complexes were characterized by 1H and

13

C nuclear

magnetic resonance spectroscopy, electronspray ionization mass spectrometry, infrared
spectroscopy, and

31

P nuclear magnetic resonance spectroscopy for the complexes of 4-

diphenylphosphino derivatives. The electronic properties studied using UV/vis spectroscopy
exhibit ᴫ-ᴫ* transition, metal to ligand charge transfer, and optical highest occupied molecular
orbital-lowest unoccupied molecular orbital bandgaps from 2.62-2.65 eV. The electrochemical
study performed using cyclic voltammetry have shown the highest occupied molecular orbitallowest unoccupied molecular orbital bandgaps from 2.70-2.74 eV. The results obtained have
shown that cis as well as trans complexes of pyridine and trans complex of 4-diphenylphosphino
derivative behave similarly in electron transfer from donor to acceptor and are comparable to the
properties of previously reported triphenylamine derivatives in molecules of electron donor and
acceptor (D-A) components investigated towards photovoltaic application.
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Chapter 1: Triphenylamine and its Derivatives as Electron Donors
in Donor-Acceptor (D-A) Systems
1.1

Introduction
Triphenylamine (TPA) and its derivatives have been known to undergo one electron

oxidation by electrochemical as well as Cu(II) mediated reactions resulting into a resonance
stabilized radical cation.1 However, efforts have been made to study the electron transfer reaction
involving TPA and also to characterize the radical cation with the help of cyclic voltammetry,
electron spin resonance (ESR) spectroscopy, electron paramagnetic resonance (EPR)
spectroscopy, and UV/vis spectroscopy.1,2 In addition, the long term reversibility of the oxidation
in TPA derivatives was observed by Lambert.2 So, the characterization and the reversibility of
oxidation suggested that the radical cations are stable. On investigation by UV/vis spectroscopy,
the radical cations have shown remarkable red shift by absorbing in the ultraviolet (UV) to near
infrared (NIR) region compared to the corresponding neutral TPA and its derivatives.1a
Apart from electrochemical and chemical oxidation, Lewis and Lipkin have shown the
generation of a blue colored TPA radical cation by photooxidation at low temperature, which
exhibited the maximum absorption at 650 nm.3 Years later, Ballard and Griffiths4 reported the
generation of weak photoelectric effect proportional to the square of intensity of light. It was
found that on irradiation of TPA, photocurrent was obtained depending on the rate of reaction (2)
where exciton annihilation produced an intermediate that was accounted for the possibility of
formation of a charge transfer complex.

1

Hence, due to the excellent photochemical, electrochemical, and physical properties, the
organic molecules containing TPA and its derivatives have been studied for photoconduction,
hole transport, and electron transfer for potential applications in devices such as organic light
emitting diode (OLED),5 polymer light emitting diode (PLED),6 and solar cells.7 This chapter
discusses the advancement of incorporating triphenylamine as electron donor in molecules of
electron donor and acceptor (D-A) systems studied towards photovoltaic applications.
In molecules of electron donor and acceptor components, under absorption of light, an
electron transfer from donor to acceptor through exciton diffusion creates hole and electron that
leads to charge separation (CS). In polymers of conjugated electron donors and acceptors, which
are commonly used in organic photovoltaics (OPVs), hole migration and electron shift (shown in
Figure 1)8 take place in the polymer chain followed by electron transfer into the acceptor i.e.
phenyl-C61-butyric acid methyl ester (PCBM) resulting in a positive charge in the conjugated
polymer and a negative charge in PCBM. After charge separation, movement of the hole and
electron to their corresponding electrodes convert solar energy into electrical energy, Figure 2.

Figure 1. Photoinduced charge separation from donor to acceptor followed by hole
migration and electron shift along the polymer chain.

2

Figure 2. The Structure of an organic photovoltaic device.
1.2

Gratzel’s Metal Complexes in Solar Cells
In 1991, Gratzel and co-workers introduced dye sensitized solar cell (DSCC) using a

trimeric Ru complex with pyridine ligands as a sensitizer.9a The yield of 7.1 – 7.9% in
conversion of light to electrical energy was achieved with almost 100% light harvesting
efficiency in the visible range below 550 nm. So, this innovative approach was considered as the
low cost alternative to traditional inorganic photovoltaic devices. After the successful
demonstration of Gratzel’s first dye sensitized solar cell (DSCC), Ru complexes as dye
sensitizers received much attention for about a decade. In cis-X2 bis(2,2’-bipyridyl-4,4’dicarboxylate)-ruthenium(II) complexes, where X = Cl, Br, I, CN, and SCN, the intraligand (IL)
ᴫ - ᴫ* and low energy metal to ligand charge transfer (MLCT) were observed in the visible
range. The best performance with 10% yield of solar into electrical energy conversion was
obtained from a dithiocyanato complex, commonly known as N3 dye, complex 1 in Figure 3.9b
The reason for this was accounted for the maximum red shift in absorption useful for solar light
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harvesting, i.e. broad range of visible light absorption, long excitation lifetime, and high thermal
stability.

Figure 3. Ruthenium complexes used in Gratzel’s solar cells.
Although complex 1 was proved to be efficient as a charge transfer sensitizer, the
procedure for dye adsorption onto the TiO2 layer required prolonged hours that would not be cost
effective to meet the target for making less expensive solar cells. Therefore, to overcome this
problem, a new dye, bis(tetrabutylammonium)-cis-di-(thiocyanato)-N,N-bis(4–carboxylate-4carboxylicacid–2,2’-bipyridine) ruthenium(II) known as N719, complex 2 in Figure 3, was
employed and the adsorption procedure was completed in 10 minutes.9c The absorption
wavelength of the complex was similar to 1.
Further improvement regarding the stability of devices in using complex 1 was
necessary because of the possibility of leakage and easy evaporation of organic solvents used in
such devices and also the desorption of loosely attached dyes. As a result, limitation in long term
4

performance of device occurred. The amphiphilic polypyridyl ruthenium sensitizer, complex 3 in
Figure 3, was investigated to maintain the stability of the device for long term use at high
temperature.9d It was further concluded that on co-grafting amphiphilic material hexadecylalonic
acid (HDMA) with 3 on TiO2 film, better adsorption of dye on the TiO2 surface could be
obtained. Although the improved stability of devices was achieved through structuctural
modification of the complex 1, modification in structure was considered to be necessary to
obtain the slower charge recombination process in order to obtain a better efficiency from solar
cells. Therefore, complex 4 shown in Figure 3, containing TPA derivative as an electron donor to
Ru was introduced to retard the charge recombination process.
1.2.1

TPA in Metal Complex
The important factor for converting light into electrical energy is the photo induced

charge separation.10 The general mechanism of charge separation in Gratzel’s DSSCs involves
MLCT excitation which leads to transfer of an electron from Ru to the pyridine ligand, followed
by transfer of an electron from the pyridine ligand to the TiO2 conduction band. This creates a
positive charge on Ru, which gains electrons by charge recombination involving backward
reaction, where the electron is transfered to the Ru center as shown in Figure 4.10

Figure 4. Mechanism of charge transfer.
5

In order to obtain better performance in conversion of light to electrical energy, it is
necessary that the backward reaction is slower compared to the forward transfer of electron into
the conduction band. Hence, regarding the optimization of structure in order to retard the charge
combination process, a new Ru complex, 4 in Figure 3, having TPA derivative substituted on
pyridine ligand was introduced.10 As TPA was already known to undergo oxidation, it was an
ideal choice to use a TPA derivative as electron donor to facilitate the retardation of backward
reaction. In the process, positive charge is transferred from the Ru ion to the nitrogen of the
triarylamine group after the injection of electron into the TiO2 surface. Since positive charge is
created on nitrogen, as shown in 6, Figure 5, it has been concluded that the increase in distance
between the hole and conduction surface helps to slow down the backward transfer of electron,
i.e. retardation of charge recombination process.

Figure 5. Triphenylamine and its radical cation.

1.2.2

Organic Molecules in Solar Cells
The Ruthenium complex photosensitizers were demonstrated as significant materials in

DSSC with advancement reaching the power conversion efficiency of more than 11%. 11
However, the limited availability of Ru has been taken as a disadvantage in order to fulfill the
wide need for DSSC. This has attracted the researchers towards the option of low cost metal free
organic molecules which have several advantages as photosensitizers.12 The organic dyes have
6

larger absorption coefficients suitable for efficient light harvesting, tunable absorption properties
from visible to near infrared region (NIR) by introducing the substituents in a variety of
structures.
Different organic dyes such as derivatives of coumarin,12 in Figure 6, indoline13 in
Figure 7, and fluorene11 in Figure 8 were used as photosensitizers. The molecular design has a
significant role on the performance of the device. As suggested by Arakawa and coworkers,12 the
organic photosensitizers need to be synthesized with anchoring groups such as –COOH to be
adsorbed on the surface of the semiconductor, extended ᴫ conjugation for broad range of
absorption in the visible region, and electron donating and electron accepting groups in order to
tune the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) levels of the dye. As a result, adopting these requirements, the power conversion
efficiency of 5.6 – 6.0% was obtained from coumarin dye, 7a shown in Figure 6, which have
methine (-CH=) units connecting the coumarin framework with cyano and carboxyl groups. It
was demonstrated that a broad range absorption from 400 nm to 750 nm was obtained due to the
increment in conjugation with the help of methine units in 7a in comparison to 7b, which does
not have methine.

Figure 6. Organic dyes of coumarin derivatives.
The first indoline derivative, 8a showed the efficiency of 6.1% which was improved to
8.0% with the help of modified structure, 8b as reported by Uchida and coworkers.13b,c Later, the
7

Gratzel group made the structural change by replacing ethyl in 8b with octyl group forming
compound 8c, which showed the result similar to previous work.13a The red shift in absorption
spectra was obtained with increase in rhodanine ring as explained, the rhodanine ring increases
the conjugation, resulting in a red shift that is beneficial for the faster transfer of electrons from
the excited state into the conduction band. The device performance was obtained up to 7.9%
efficiency, close to previous report for 8b.

Figure 7. Organic dyes of indoline derivatives.
The organic dyes have been found to be less stable than metal complexes and also these
dyes have a tendency to aggregate on the surface of the semiconductor which reduces the cell
performance.11 In order to address these problems unsymmetrical organic dyes from fluorine, 9
shown in Figure 8, were synthesized by the Gratzel group. These consist of bisdimethylfluoreneaniline as an electron donor and cyanoacrylic acid as an electron acceptor
connected by thiophene units for conjugation and to increase the molar absorption coefficient.
Since the non-planar structure of dimethylfluoreneaniline is not suitable for molecular stacking,
such design inhibits the aggregation. These dyes were determined to give 7-8% power

8

conversion efficiency and concluded to be stable under repeated use with almost the same
performance, even at high temperature.

Figure 8. Dyes of fluorene derivatives
1.3

TPA in Organic Molecules
In 2009, a new organic sensitizer of a TPA derivative, 10a in Figure 9, was introduced

by the Wang group. It showed the efficiency of 9.8% which was the best performance from
organic dyes known so far.14 It consists of a TPA derivative as the electron donor and
cyanoacrylic acid as the electron acceptor, linked by a binary ᴫ conjugated spacer, 3,4ethyldioxythiophene and thienothiophene. This spacer has shown significant improvement over
thiophene linkers used with same electron donor and electron acceptor in dyes, 10b (7.5 %
efficiency) and 10c (8.0% efficiency). The intense absorption band observed at 552 nm assigned
for ᴫ - ᴫ* transitions in 10a was an outcome of red shift by 36 nm from that of 10b whereas shift
of only 8 nm was observed in 10c. Moreover, it has been explained that electron rich 3,4ethyldithioxythiophene unit connected to the donor is able to raise the HOMO level and the
thienothiophene connected to the acceptor has the ability to tune the LUMO to a suitable energy
level. The HOMO is mainly located over triarylamine and 3,4-ethyldioxythiophene, whereas the
9

LUMO is delocalized through cyanoacrylic acid and thienothiophene. This spatial orientation has
been considered suitable for DSCCs in order to obtain fast interfacial electron injection from the
excited state to the conduction band and slow recombination process. Furthermore, the formation
of a hole on the TPA unit facilitates the electron to occupy the hole and hence the fast
regeneration of dye is obtained. Therefore, the success gained from 10a has drawn interest
towards use of TPA based materials in solar cells.

Figure 9. Dyes of triphenylamine derivatives.
Since one of the reasons for choosing the organic molecules is their feature for being
flexible in structural modification, attempts have been made to design a molecule in order to
obtain the maximum light harvesting. Molecules composed of D-ᴫ-A architecture have been
widely used in photovoltaics. As the ones with TPA as donor have shown better results, more
work regarding the design of D-ᴫ-A including TPA in molecules has been performed. It has been
10

reported that the electron donating groups such as methyl and methoxy substituents in the para
position of TPA such as in compounds, 11 and 12, shown in Figure 10, increase the electron
density in TPA, hence increasing the absorption wavelength and narrowing the HOMO-LUMO
band gap compared to the compounds having un-substituted TPA.15

Figure 10. Molecules containing TPA derivatives with electron donating
substituents in a D-ᴫ-A system.
Moreover, TPA based organic compounds, 13 and 14 in Figure 11 and Figure 12
respectively, have been demonstrated to exhibit the broad range of absorption in the visible
region showing maximum absorption from 430 nm to 625 nm.16,17 In all the compounds, higher
energy absorption maxima from ᴫ - ᴫ* transition and lower energy absorption assigned to
intramolecular charge transfer (ICT) from donor to acceptor was observed. It has been concluded
that the addition of donor groups as a substituent facilitates the tuning of HOMO and LUMO

11

energy levels to reduce the band gap and also the non-planar bulky groups suppress the
aggregation effect by steric hindrance that helps to improve the photovoltaic performance.

Figure 11. Molecules containing TPA with thiophene or phenyl groups as
electron donating substituents as well as a D-ᴫ-A spacer.

Figure 12. Molecules of TPA derivatives composed of a D-ᴫ-A system.

12

Further structural effect was examined by Wang and coworkers by incorporating a
strong electron acceptor, benzothiadiazole, in a D-ᴫ-A system, which resulted into a distinct
reduction of the HOMO-LUMO band gap.18 The strong electron accepting ability of
benzothiadiazole is beneficial in several ways. It facilitates the electron transfer from donor to
acceptor at the terminus, the long wavelength absorption to NIR region, and improves the
electron distribution from the donor unit to increase the photo-stability of the molecules.18
Gratzel and coworkers have synthesized the organic dye of the triarylamine donor and
cyanoacrylic acceptor linked by bezothiadiazole as additional acceptor and thiophenes as
electron donor as well as ᴫ spacer, 15 in Figure 13, and have shown the ICT bands in the visible
region reaching up to 800 nm.19 In addition, low optical band gap obtained around 1.6 eV is in
agreement to the results obtained from electrochemical study.

Figure 13. Donor and acceptor conjugated by thiophenes.
1.4

TPA in Organic Polymers
Organic polymers have received much attention for their application in polymer solar

cells (PSCs). These contain an active layer of electron donor polymer blended with electron
acceptor fullerene, as shown in figure 14.20,21 There is much research regarding the electron
donor and acceptor groups in polymers and also their synthesis for appropriate design that can
13

tune the HOMO and LUMO energy levels of polymer and PCBM respectively to obtain low
band gap suitable for the efficient performance of devices.20,22 The efficiency of the PSCs
depends on the absorption of incident photons by the active layer and generation of maximum
excitons followed by diffusion of excitons as shown in Figure 15.7c,21 This can be achieved
through low band gap polymers since the absorption of the active layer should match the solar
spectrum for absorption of photons. So, tuning of HOMO and LUMO levels brings the reduced
bad gap through intramolecular charge transfer (ICT) from donor to acceptor groups in polymers.

Figure 14. Structure of Bulk Heterojunction Solar Cell.
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Figure 15. General mechanism for phootoenergy conversion in solar cells.
The polymer materials containing TPA are of great interest for application in
photovoltaic cells due to their excellent electron donating property. Besides being good electron
donors, 3D systems composed of noncoplanar structures of phenyls and the amorphous nature of
derivatives of TPA are probable advantages to develop active materials for photovoltaic cells
with isotropic optical and charge transport properties.23 However, polymers containing TPA for
application in PSCs was not known until Lijun et. al24 reported the polymer of triphenylamine
derivative conjugated with benzothiadiazole (BTD), 16 shown in Figure 16. It exhibited an
absorption maxima at 533 nm with the edge of absorption band reaching 665 nm resulting in an
optical band gap of 1.86 eV, whereas the electrochemical band gap of 1.97 eV was obtained. The
power conversion efficiency was 0.52%. It has been concluded that TPA-BTD possesses high
hole mobility that is suitable for application in PSCs.

15

Figure 16. Polymer of TPA-BTD.
Further research has been performed in the area of TPA polymers for photovoltaics.
Polythiophenes are well known conjugated polymers for photovoltaic cells due to their high
charge carrier mobility and long wavelength absorption. For instance, poly(3-hexylthiophene)
(P3HT) is the best example.25 However, it lacks the broad range of absorption in the visible
region. Therefore, to improve this effect, different polymers including TPA derivatives have
been synthesized, such as a series of polythiophene derivatives conjugated with TPA, 17 and 18
in Figure 17.7c All of them exhibited two maximum and the red shifted broader absorption unlike
in P3HT. Moreover, the higher oxidation potential of these polymers compared to P3HT
obtained from the electrochemical study is likely to increase their stability.

Figure 17. Polymers of triphenylamine and thiophene derivatives.
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Another approach of incorporating TPA in poly-(phenyleneethynylene)s (PPEs)
conjugated with poly-(aryleneethylene)s (PAEs) to synthesize donor copolymers was made
because PPEs possess improved optical property than widely used polymers of poly(pphenylenevinylene (PPVs) in organic photovoltaics.26 The structure of copolymer, 19a-e in
Figure 18, consisting of series of triphenylamine derivatives in TPA-PPEs conjugated with
thiophene and its derivative, phenyl derivative, anthracene, and benzothiadiazole in PAEs are
shown in Figure 18. The polymers based on TPA-PPE have been able to show low energy
absorption as well as reduced electrochemical and optical band gaps compared to the monomers.
Among the series of these polymers the TPA conjugated with benzothiadiazole (BTD), 19e have
shown the best optical property (maximum absorption at 638 nm) and the lowest optical and
electrochemical band gaps of 2.13 eV and 2.19 eV respectively. In addition, the highest power
conversion efficiency of 1.85% was achieved. Therefore, this new type of polymer was
considered as the promising material for better photovoltaic performance.

Figure 18. Copolymers of TPA-PPEs.
As an attempt to improve the molecular design of TPA-BTD units in polymers, the
efficiency has reached more than 2.0% from the structures, 20 and 21, shown in Figure 19, where
17

the donor and acceptor are conjugated in a linear fashion as reported by Yasuda, Ishi and
coworkers.27

Figure 19. Triphenylamine derivatives conjugated with benzothiadiazole.
Apart from linear D-A conjugation, recently a polymer comprised of acceptor,
benzothiadiazole and binary donor of TPA and benzo[1,2-b:4,5-b’]dithiophene, 22 shown in
Figure 20, has been presented with both electrochemical and optical band gaps below 2.0 eV and
an efficiency of 3.17% on investigating the photovoltaic performance.28

Figure 20. Conjugated electron donors and acceptor in nonlinear fashion.
1.5

Pt(II) Complexes in Photovoltaics
The synthesis of square planar platinum complexes comprising of electron donor and

electron acceptor ligands is an interesting area of research because their electronic property can
18

be easily tuned by the variation in ligand structure.29 The platinum complexes are known to
exhibit intense charge transfer absorption arising from metal to ligand charge transfer and
intramolecular charge transfer.29a Such properties have drawn attention for their potential
application in materials for charge transfer, luminescence, and photovoltaic performance. Pt(II)
acetylide complexes composed of pyridine ligands30 have been widely studied for spectroscopic
behavior that depends on the electron donor and electron acceptor group in the ligand. The
alkynyl ligand, having a strong electron donating group and the pyridine ligand having strong
electron withdrawing group, enhance the low energy absorption by either MLCT or both MLCT
and ligand to ligand charge transfer (LLCT).30a,31 Eisenberg and coworkers32 have shown that
Pt(II) complexes of electron donor and electron acceptor ligands in (D-Pt-A) form, can undergo
photoinduced charge transfer. Hence, the structure of the ligand plays an important role in
optimizing the electronic property.
Organic polymers have been reported for their application in photovoltaic devices,
however polymers of Pt(II) acetylide complexes have been widely explored for their potential
application in photovoltaic after Hagihara33 and coworkers introduced the synthesis of polymers
of Pt(II) complexes containing tributylphosphine ligand. Introduction of Platinum in conjugated
organic polymers is beneficial in tuning the HOMO and LUMO band gap through the strong
overlap of the metal d orbitals and the ligand p orbitals which facilitate ᴫ electron delocalization
resulting in charge transport.34 Moreover, the conjugation of electron donor and acceptor units
enhances efficient intersystem crossing over which forms the long lived triplet excited state
useful for phosphorescence. The linear structure and the unsaturated character of alkyne make
the Pt(II) alkynyl complexes suitable building blocks for D-A polymers.34,35

19

Designing conjugated polymers of Pt(II) complexes in order to obtain reduced band gap
is necessary for efficient performance of photovoltaic devices and the aromatic groups play an
important

role.

For

instance,

in

poly(p-phenylene),

poly(p-phenylenevinylene),

and

polythiophene, the delocalization of electrons occurs on absorption of light which produces a
resonance stabilized structure.36 With increase in such structure, the C-C bond length decreases
due to formation of double bond between carbons and it is responsible for reduction in band gap.
Polythiophene has been explained as a better group for such character because thiophene is able
to attain more resonance stabilized structure with absorption of light compared to other groups.
The Pt(II) complex in D-A polymer of benzothiadiazole acceptor and thiophene donor in
alternate form, 23 shown in Figure 21, has been reported by Wong et. al.37 It has been explained
that such polymer of conjugated electron donor and electron acceptor lower the band gap by
photoinduced charge transfer.

Figure 21. Pt(II) complex of thiophene donor and benzothiadiazole acceptor in
D-A polymers.
Although polymers of Pt(II) complexes containing donor-acceptor components have
been widely studied and found to be promising materials for efficient light harvesting and useful
in photovoltaic devices, such as bulk heterojunction (BHJ) solar cells,34,38 the synthesis and
purification of such polymers is inconvenient because of their high molecular weight. 39
Concerning over this matter, the Wong group has synthesized a series of Pt(II) alkynyl
20

complexes containing a benzothiadizole acceptor and TPA and thiophene electron donors, shown
in Figure 22.39 The low energy absorption bands in 24a-c arising from intramolecular charge
transfer are red shifted compared to the complex which lacks the strong electron donating group,
TPA. The presence of TPA has been found to facilitate the increase of the HOMO energy level
resulting into low band gaps from 1.9 eV to 2.11 eV.

Figure 22. Pt(II)-Bis(aryleneethynylene) complexes.
1.6

Conclusion
The molecules containing strong electron donor and acceptor groups are significant for a

broad range of light absorption in the solar spectrum and lowering the HOMO and LUMO
energy gap to obtain better efficiency from photovoltaic devices. Including strong donor groups,
such as triphenylamines and strong acceptor groups, such as benzothiadiazole have shown better
performance. Pt(II) complexes of conjugated donor and acceptor components also have been
widely explored in the form of polymers. Moreover, the monomers of Pt(II) complexes of TPA
derivatives have also shown promising results. However, optimization of molecular structures
has been a continuous effort. With an idea of designing novel structures, our concern is towards
the synthesis of Platinum complexes of electron donor and acceptor groups having TPA
derivatives coordinated to platinum as electron donors.
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Goal and Hypothesis
The goal of this project was to synthesize and characterize Pt(II) complexes composed of
N,N-diphenylpyridineamine or 4-diphenylphosphino derivatives of triphenylamine as electron
donor ligands and alkynyl derivative of 2,1,3-benzothiadiazole as electron acceptors in order to
study the effect of the structure of these complexes in electron transfer from donors to acceptors
and compare with the properties of previously reported derivatives of triphenylamine in
molecules of D-A components that have been investigated for photovoltaic application.
Although derivatives of triphenylamine have been known as good electron donors in
molecules of D-A components, the hypothesis was that if the coordination of pyridine in N,Ndiphenylpyridineamine to platinum might have any affect on electron donating property of
tertiary nitrogen because of electronegativity of heteroatom in pyridine. The synthesis of
complexes containing 4-diphenylphosphino derivatives as analog of the complexes of pyridine
amines could help in studying the effect of pyridine vs phosphine in electron donating behavior.
In addition, cis and trans isomers of the Pt(II) alkynyl complexes of pyridineamine and
phosphine could also be synthesized in order to study the structural effect regarding the
configuration of ligands. Moreover, the photophysical and electrochemical studies of these
complexes could provide useful information in order to compare with the properties of
previously reported triphenylamine derivatives to find out if these complexes of platinum would
have potential towards photovoltaic applications.
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Chapter 2: Synthesis and Characterization of Pt(II) Complexes of
Electron Donor and Acceptor Ligands
This work presents the synthesis and characterization of Pt(II) alkynyl complexes 1, 2
and 3 of N,N-Diphenylpyridineamine or 4-diphenylphosphino derivatives of triphenylamine
(TPA) as electron donor ligands and an alkynyl derivative of 2,1,3-benzothiadiazole as the
electron acceptor ligand, shown in Figure 1 below. Their Pt(II) dichloride precursors are shown
in Figure 2. In addition to structural characterization, their photophysical properties were studied
by UV/vis spectroscopy and emission spectroscopy. The electronic property of the complexes
was investigated with the help of electrochemical study as well as UV/vis spectroscopy.

Figure 1. Pt(II) alkynyl complexes of electron donors and acceptors.

Figure 2. Dichloride precursors of Pt(II) alkynyl complexes of N,N-diphenylpyridineamine.
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2.1
2.1.1

Results and Discussion
Synthesis and Characterization.
The synthesis of Pt(II) complexes of N,N-Diphenylpyridineamine, 1 and 2

was

accomplished from their dichloride precursors 4a and 4b respectively through the route shown in
Scheme 1. N,N-Diphenylpyridineamine ligand 5 was obtained in high yield, 70 % through
Ullman coupling condition as compared to the method reported in the literature.40 On heating
ligand 5 with PtCl2 in Benzene41 at 90 °C under high pressure, a mixture of trans (4a) and cis
(4b) Pt(II) dichloride complexes was obtained. In the final step, by modification of literature
methods,30a,42 the dichlorides of these complexes were substituted with 6 in the presence of CuI
and CH2Cl2/Et3N to obtain compounds 1 and 2. Compound 6 was prepared as described in
Scheme 2, starting from 2,1,3-benzothiadiazole. The bromination of 2,1,3-benzothiadiazole by
following the method reported in the literature,43 gave compound 7, which was coupled with 2methyl-3-butyn-2-ol through Sonogashira coupling39 condition forming 8 in 92 % yield. The
protecting group in 8 was removed by following the reported method44 to produce 6.

Scheme 1. Synthesis of N,N-Diphenylpyridineamine derivatized Pt(II) complexes.
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Scheme 2. Synthesis of alkynyl derivatized benzothiadiazole.

Pt(II) complex of 4-diphenylphosphino derivative of TPA, compound 3 could be
synthesized from the dichloride precursors 9a and 9b shown in Figure 3 by following the route
given in Scheme 3. The synthesis was completed in four steps starting from triphenylamine
(TPA). The bromination of TPA was performed following a literature method45 resulting into
compound 10.

Figure 3. Dichloride precursors of Pt(II) alkynyl complexes of 4-diphenylphosphino
derivatives.
Ligand 11, a 4-diphenylphosphino derivative of TPA, was prepared according to the
method reported in the literature.46 When ligand 11 was reacted with PtCl2 by following the
condition

applied

for

the

synthesis

of

Pt(II)

dichloride

complexes

of

N,N-

Diphenylpyridineamine, unlike a mixture of trans (9a) and cis (9b) isomers, the product formed
was exclusively the cis (9b) isomer. On heating the reaction in benzene in a round bottom flask
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instead of a high pressure tube, it yielded the cis (9b) isomer only, which shows the property of
aryl phosphines as described by Hartley47 and Hsu et al.48 The mixture of trans and cis isomers
9a and 9b respectively was formed on stirring the reaction mixture in a round bottom flask at
room temperature for 24 h. On reacting with 6 in CH2Cl2/Et3N in the presence of CuI, both 9a
and 9b were converted into the thermodynamically stable trans isomer 3, as reported previously
for Pt(II) complexes of phosphine.49 Therefore, the synthesis of cis isomer, 12 was not successful
under this condition.

Scheme 3. Synthesis of 4-diphenylphosphino derivatized Pt(II) complexes.
The dichloride and alkynyl Pt(II) complexes of N,N-diphenylpyridineamine and 4diphenylphosphino derivatives were purified by silica gel column chromatography and
26

characterized by 1H and 13C nuclear magnetic resonance (NMR) spectroscopy, fourier transform
infrared (FTIR) spectroscopy, and electronspray ionization mass spectrometry (ESI-MS). In
addition,
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P NMR spectroscopy was used for characterization of complexes having 4-

diphenylphosphino ligand. The configuration of phosphine complexes was determined by
calculating the coupling constants between phosphorus and platinum, which are 2594, 3668, and
2581 Hz for compounds 9a, 9b, and 3 respectively. The values are in agreement with complexes
known in the literature.50 The FTIR spectra of alkynyl complexes exhibit ν(C≡C) absorption bands
at 2084-2098 cm-1 similar to the reported Pt(II) alkynyl complexes.39,51 Complex 1 was
characterized by x-ray crystallography from a single crystal obtained by slow evaporation of a
saturated solution of benzene at room temperature. The structure shows that the complex is trans
and square planar with Pt in center and N,N-diphenylpyridineamine ligand is not coplanar with
the plane of Pt and alkyne.
2.1.2

Electronic Absorption Spectroscopy
The electronic absorption spectra of all the complexes were obtained in benzene,

tetrahydrofuran, dichloromethane, chloroform, and acetonitrile at room temperature using a
UV/vis spectrophotometer. The dichloride, as well as the alkynyl complexes of platinum
coordinated to N,N-diphenylpyridineamine and 4-diphenylphosphino derivatives, showed the
high energy absorption bands from 300 – 328 nm which can be assigned as ᴫ - ᴫ* transitions in
N,N-diphenyl pyridineamine, 4-diphenylphosphino derivative, and the alkynyl derivative of
benzothiadiazole as reported in the literature for complexes of Pt(II).39,52 In addition to ᴫ - ᴫ*
transitions, the low energy, less intense absorption bands in the range of 405–431 nm were
observed for alkynyl complexes 1, 2 and 3 which can be attributed to metal to ligand charge
transfer (MLCT) from dᴫ (Pt) to pᴫ (alkynyl ligand) based on the absence of such longer
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wavelength absorption in dichloride complexes and also on previously reported work.29b,53 The
photophysical data is given in Table 1.
Table 1. Electronic absorption data for all complexes in 10-5 M at 25 ⁰C
λabs [nm] (ε [M -1 cm-1 ])

Pt(II) Complexes

CH3 CN

CH2 Cl2

CHCl3

C6 H6

4a

322 (31,349)

324 (54,219)

328 (39.370)

324 (51,837) 315 (41,149)

4b

315 (43,276)

285 (46,214)
312 (48,609)

326 (38,839)

317(33,442)

305 (30,830)

1

319 (60,870)
416 (15,230)

319 (81,110)
411 (12,680)

320 (66,650)
426 (22,960)

306 (55,339)
431 (4,102)

306 (62,841)
405 (4,788)

2

319 (72,940) 306 (107,786)
409 (21,400) 414 (7,043)

307 (74,310)
423 (6,204)

306 (72,668)
428 (5,857)

306 (62,841)
405 (4,788)

9a

305 (58,545)

306 (70,420)

303 (31,060)
335 (8,023)

304 (49,724)

303 (-)

9b

301 (36,188)

304 (72963)

304 (59,092)
333 (15,159)

304 (41,261)

300 (35,443)

3

306 (81,267)
426 (5,005)

307 (60,600)
430 (4,729)

305 (79,610)
332 (12,792)
431 (5,290)

306 (58,073)
431 (4,083)

307 (6,052)
420 (-)

THF

The complexes in solution did not show a change in color, however slight shift in
wavelength was observed in some solvents for some of the complexes. In the dichloride
complexes of N,N-diphenylpyridineamine very slight dependence on the polarity of solvent was
found for the ᴫ - ᴫ* absorption. The decrease in wavelength with increase in polarity from
dichloromethane to acetonitrile was observed. This is likely due to a solvent effect similar to the
property of the complexes of diimine, polypyridine, and bizimpy ligands.52b,54 Although the
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alkynyl complexes of N,N-diphenylpyridineamine did not exhibit the regular trend of solvent
effect, the blue shifted absorption for both ᴫ - ᴫ* transition and MLCT is due to large ground –
state dipole moment compared to the excited state as explained in previous work.54b
The complexes of 4-diphenylphosphino derivative did not show the absorption
depending on the polarity of solvent for ᴫ - ᴫ* transition as well as MLCT. Hence, these are not
solvent dependent compared to the complexes of N,N-diphenylpyridineamine. The extremely
low intensity of absorption for complexes 9a and 3 in acetonitrile in comparison to other solvents
is because of poor solubility.
2.1.3

Photoluminescence
All the complexes in solution at room temperature exhibited photoluminescence upon

excitation at 300 nm to 328 nm. The data is listed in Table 2. Some of the complexes showed
sensitivity to the polarity of solvent. Complexes 4a and 9b were nonemissive in dichloromethane
and chloroform whereas complex 4b was nonemissive in chloroform. The probable reason for
this property can be similar to the behavior of the Pt(II) dichloride complexes of terpyridyl in
which the decay originates from low energy nonradiative d-d ligand field states.42c,55,56 Polar
compounds are more sensitive to solvent polarity compared to nonpolar compounds.57 In 4b and
9b the luminescence was red shifted with increase in solvent polarity because in polar solvents
the excited state energy is lowered more in comparison to the less polar solvents. This effect was
observed for 4a also in acetonitrile. The excited state is lowered because of the reorientation or
relaxation of solvent dipole after excitation which makes emission to occur at lower energy i.e.
longer wavelength compared to absorption wavelength. The alkynyl complexes of N,Ndiphenylpyridineamine did not show an increase in wavelength of the emission with increase in
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the order of polarity of solvent. However, the shift in wavelength is likely to occur from the
strong interaction of compound with the solvent.
The complexes of 4-diphenylphosphino derivatives showed a dependence on the
polarity of solvent was not observed unlike the complexes of N,N-diphenylpyridineamine
ligands. This is the behavior of emission from ᴫ - ᴫ* transition as reported in the literature.52b
The emission experiment was not performed for 4a and 3 in acetonitrile because of poor
solubility.
Table 2. Emission data for the complexes in 10-5 M at 25 ⁰C
λem [nm]

Pt(II) Complexes

2.1.4

CH2 Cl2

CHCl3

C6 H6

THF

CH3 CN

4a

-

-

370

357

493

4b

400

-

373

380

412

1

509

505

472, 478, 489, 494

491, 499

486

2

359, 494

557

347 - 373

565

396 - 453

9a

526

526

528

524

-

9b

-

-

330 - 390

404

682

3

546

530

524

528

-

Electrochemistry
The electrochemical study of the complexes was performed using cyclic voltammetry

(CV) in dichloromethane containing 0.1 M tetrabutylammonium hexafluorophosphate
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(Bu4NPF6) with glassy carbon working electrode, Pt wire counter electrode, and Ag wire as
reference electrode under an argon atmosphere. Ag/AgNO3 reference electrode instead of Ag
wire was used for complexes 4a and 4b. The oxidation and reduction potentials obtained in all
the complexes except 4a and 4b were corrected with the half wave potential, E1/2 of the
ferrocenium/ferrocene couple. The quasi-reversible oxidation couples in dichloride complexes 4a
and 4b as well as alkynyl complexes 1 and 2 were assigned to be the oxidation from amine
nitrogen in donor N,N-diphenylpyridineamine ligand which is similar in behavior to
triphenylamine derivatives where one electron oxidation is observed from the tertiary nitrogen.58
The potential for quasi-reversible reduction couples obtained in 1 and 2 can be assigned to be a
reduction from benzothiadiazole.59
As oxidation is observed in TPA and its derivatives, in complexes 9a, 9b and 3, the
potentials at + 0.62 V, + 0.65 V, and + 0.65 V, respectively, are assigned as the oxidation60 from
the tertiary nitrogen in the ligand, 4-diphenylphosphino derivative of TPA. In complex 9b, the
appearance of a peak at + 0.40 V on the reverse scan resembles the peak occurring from
dimerization of TPA after one electron oxidation.58,61 The irreversible oxidation peak at 0.66 V
in 3 is probably due to the oxidation from the metal center PtII/PtIII as reported in literatures.42c,62
The HOMO and LUMO energy levels were calculated using the onset of oxidation and
onset of reduction potentials respectively from the equations EHOMO = - (Eox + 4.8) eV and ELUMO
= - (Ered + 4.8) eV, where – 4.8 eV is the internal ferrocene standard value with respect to
ferrocene.37,63 The electrochemical bandgap (Eg,ec) was calculated from the difference between
EHOMO and ELUMO using equation Eg,ec = - (EHOMO – ELUMO). The experimental electrochemical
data and calculated energy levels are listed in Table 3. The band gaps, 2.74 eV and 2.70 eV
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obtained for complexes 1 and 2 respectively, are similar to the organic polymers64 and polymers
of Pt(II) complex,65 although lower than in the polymers66 containing TPA.
In the case of complex 3, the electrochemical band gap was not calculated because of
the lack of clear reduction and the absence of reduction onset. However, the optical band gap
calculated from the onset of absorption shows properties similar to complexes 1 and 2. The
UV/vis spectra obtained for the complexes in dichloromethane was used for determining the
onset of absorption. The optical band gaps 2.62 eV, 2.67 eV, and 2.65 eV for complexes 1, 2,
and 3, respectively,

given in Table 3 are similar to the polymers67 whereas less than the

monomer68 containing TPA.
Table 3. Electrochemical data of the complexes

2.2

Conclusion
The

complexes

composed

of

donor

and

acceptor

components,

N,N-

diphenylpyridineamine or 4-diphenylphosphino derivatives of TPA as electron donors and
alkynyl derivative of benzothiadiazole as electron acceptors were synthesized and characterized.
All of them are stable at room temperature. Their photophysical properties were studied using
UV/vis and emission spectroscopy. The complexes of N,N-diphenylpyridineamine as well as 4diphenylphosphino derivatives exhibit intense high energy ᴫ - ᴫ* transition and less intense low
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energy MLCT. All the complexes are photoluminescent. The electrochemical study by cyclic
voltametry

shows

similar

behavior

between

N,N-diphenylpyridineamine

and

4-

diphenylphosphino ligands. The optical band gaps calculated from onset absorption and
electrochemical band gaps calculated from HOMO and LUMO energy levels are comparable to
molecules containing TPA. From these results, it can be concluded that the complexes of
pyridine as well as diphenylphosphine bear similar photophysical and electronic properties.
Hence, these complexes are expected to be suitable as models to design extended structures
composed of electron donors and acceptors.
2.3

Experimental
All solvents used for reactions were dried with molecular sieves and degassed before

use. All reactions were performed under a nitrogen atmosphere.
2.3.1

Synthesis of ligand 5
4-aminopyridine (1.00 g, 10.63 mmol) was dissolved in bromobenzene (25 mL) in the

presence of CuI (0.30 g, 1.57 mmol), K2CO3 (2.80 g, 20.26 mmol), and 18-crown-6 (0.36 g, 1.36
mmol) under a nitrogen atmosphere followed by heating to 180 °C for 14 h. The reaction mixture
was allowed to cool to room temperature and worked up by addition of a saturated NH4Cl
solution. The organic layers were extracted with diethyl ether and the aqueous layer was washed
twice with diethyl ether. The combined organic layers were dried over MgSO4 and evaporated
under reduced pressure. After evaporation, the brown crude was purified by silica gel column
chromatography with 1:1 diethyl ether/hexane as the eluent. After evaporation of the solvent, a
light yellow powder (1.82 g, 70%) was obtained.
1

H NMR (600 MHz, CDCl3, TMS: 8.32 (d, J = 7.6 Hz, 2 H), 7.40 (t, J = 7.6, 4 H),

7.26 (t overlapping with CDCl3, J = 7.6, 2 H), 7.18 (d, J = 8.3, 4 H), 6.50 (d, J = 7.6 Hz, 2 H).
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2.3.2

Synthesis of compounds 4a and 4b
Para-ligand 5 (2.0 g, 8.11 mmol) was dissolved in benzene (125 mL) in a high

pressure vessel and PtCl2 (1.07 g, 4.05 mmol) was added under a nitrogen atmosphere. The
reaction was heated to 90 °C for 24 h. After 24 h, it was allowed to cool to room temperature.
The yellow precipitate was filtered and washed with CH2Cl2. The washings were combined with
the filtrate and the solvent was evaporated by rotary evaporator. The yellow crude was purified

from silica gel column chromatography with 9:1 CH2Cl2/hexane followed by 1:99 diethyl
ether/CH2Cl2 as the eluent giving two fractions. The solvent from both fractions was removed by
rotary evaporator. The first fraction gave a light yellow powder, 4a, trans (0.95 g, 31%). The
second fraction gave a light yellow powder, 4b, cis (1.74 g, 57%).
Trans: 1H NMR (600 MHz, CDCl3, TMS: 8.12 (d, J = 7.5 Hz, 4 H), 7.40 (t, J = 7.6, 8
H), 7.29 (t, J = 7.6, 4 H), 7.19 (d, J = 9.7, 8 H), 6.50 (d, J = 7.6 Hz, 4 H). 13C NMR (600 MHz,
CDCl3, TMS): δ 154.3, 152.6, 143.9, 130.2, 127.1, 1126.9, 112.0.
Cis: 1H NMR (600 MHz, CDCl3, TMS: 8.32 (d, J = 7.6 Hz, 4 H), 7.39 (t, J = 7.6, 8 H),
7.26 (t overlapping with chloroform, 4 H), 7.18 (d, J = 9.7, 8 H), 6.55 (d, J = 7.6 Hz, 4 H). 13C
NMR (600 MHz, CDCl3, TMS): δ 154.3, 151.8, 143.4, 130.3, 127.4, 112.1.
2.3.3

Synthesis of compound 1
Compound 4a (0.91 g, 1.20 mmol) was dissolved in CH2Cl2 (300 mL) by refluxing.

The solution was cooled to room temperature followed by the addition of Et3N (50 mL), alkyne 6
(0.57 g, 3.60 mmol), and CuI (0.20 g, 1.05 mmol) in a round bottom flask under a nitrogen
atmosphere. The brown solution was stirred at room temperature for 14 h. After 14 h, the
reaction was worked up with saturated NH4Cl solution, the organic layers were extracted with
CH2Cl2, and the aqueous layer was washed twice with CH2Cl2. The combined organic layers
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were dried over MgSO4, filtered, and evaporated by the rotary evaporator. The brownish yellow
crude was purified by silica gel column chromatography with 1:99 EtOAc/CH2Cl2 as the eluent.
After evaporation of the solvent, a yellow powder (0.71 g, 59%) was obtained. Mp = 212-220 °C
(dec).
1

H NMR (600 MHz, CDCl3, TMS): δ 9.19 (d, J = 6.9 Hz, 4 H), 7.74 (d, J = 8.9 Hz, 2

H), 7.49 (d, J = 6.8 Hz, 2 H), 7.41 – 7.36 (overlapping dd and t, 10 H), 7.25 – 7.23 (t overlapping
with CDCl3, 4 H), 7.2 - 7.19 (d, J = 7.6 Hz, 8 H), 6.61 (d, J = 6.8 Hz, 4 H). 13C NMR (600 MHz,
CDCl3, TMS): δ 156.5, 155.7, 154.9, 153.8, 144.1, 130.8, 130.4, 130.1, 129.7, 127.0, 126.7,
121.8, 118.3, 112.3, 96.3. FTIR (powder): 3086, 3045, 2090, 1619, 1587, 1528, 1502, 1480,
1455, 1447, 1361, 1341, 1249, 1216, 1184, 1154, 1069, 1032, 1003, 900, 845, 820, 807, 778,
762, 752, 703, 696. MS calcd for C50H34N8S2Pt (M+) 1006.2007; found (ESI): 1007.2077
(M+H)+.
2.3.4

Synthesis of compound 2
Compound 4b (0.20 g, 0.26 mmol) was dissolved in CH2Cl2 (125 mL) by refluxing.

The solution was allowed to cool to room temperature followed by the addition of Et3N (125
mL), alkyne 6 (0.12 g, 0.7902 mmol), and CuI (0.10 g, 0.52 mmol) in a round bottom flask under
a nitrogen atmosphere. The brown solution was stirred at room temperature for 14 h. After 14 h,
reaction was worked up with saturated NH4Cl solution, the organic layers were extracted with
CH2Cl2, and the aqueous layer was washed twice with CH2Cl2. The combined organic layers
were dried over MgSO4, filtered, and evaporated by the rotary evaporator. The brownish yellow
crude was purified by silica gel column chromatography with 1:49 EtOAc/CH2Cl2 as the eluent.
After evaporation of the solvent, a yellow powder (0.07 g, 26%) was obtained. Mp = 180-213 °C
(dec).
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1

H NMR (600 MHz, CDCl3, TMS): δ 8.51 (d, J = 6.9 Hz, 4 H), 7.66 (d, J = 8.2 Hz, 2

H), 7.56 (d, J = 6.9 Hz , 2 H), 7.38 – 7.33 (overlapping dd and triplet, 10 H), 7.24 – 7.21 (t
overlapping with CDCl3, 4 H), 7.16 (d, J = 7.6 Hz , 8 H), 6.63 (d, J = 7.6 Hz, 4 H).

13

C NMR

(600 MHz, CDCl3, TMS): δ 156.7, 154.9, 154.0, 152.3, 143.8, 131.0, 130.1, 129.7, 127.1, 126.9,
122.4, 117.7, 112.1, 95.6, 94.5. FTIR (powder): 3037, 2095, 1616, 1588, 1526, 1486, 1340,
1302, 1266, 1215, 1059, 1028, 901, 823, 804, 745, 693. MS calcd for C50H34N8S2Pt (M+)
1006.2007; found (ESI): 1007.2075 (M+H)+.
2.3.5

Synthesis of compound 8
Compound 7 (0.16 g, 0.78 mmol), 2-methyl-3-butyn-2-ol (0.13 g, 1.56 mmol),

Pd(OAc)2 (0.01 g, 0.02 mmol), PPh3 (0.01 g, 0.06 mmol), and CuI (0.007 g, 0.03 mmol) were
added to 50 mL mixture of DCM/Et3N (1:1) and the reaction was refluxed overnight under a
nitrogen atmosphere. After overnight, it was allowed to cool to room temperature, worked up
with saturated NH4Cl solution, and washed with diethyl ether. The organic layer was dried over
MgSO4, filtered, and evaporated to obtain black crude, which was purified by silica gel column
chromatography with 1:1 diethyl ether/hexane as the eluent. After evaporation of the solvent, a
brown and oily product (0.15 g, 91.49%) was obtained.
1

H NMR (600 MHz, CDCl3, TMS): δ 7.97 (d, J = 8.9 Hz, 1 H), 7.68 (d, J = 6.2 Hz, 1

H), 7.55 (dd, 1 H), 2.65 (s, 1 H), 1.70 (s, 6 H).

C NMR (600 MHz, CDCl3, TMS): δ 154.5,
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154.5, 132.6, 129.1, 121.7, 116.7, 101.0, 88.4, 65.5, 31.3. FTIR (solid): 3386, 2980, 2929, 2855,
2224, 1723, 1588, 1538, 1487, 1455, 1362, 1321, 1277, 1207, 1159, 1070, 1033, 954, 909, 881,
831, 808, 782, 686.
2.3.6

Synthesis of compound 6
Compound 8 (0.2 g, 0.91 mmol) was dissolved in toluene (25 mL) followed by

addition of K2CO3 (0.47 g, 3.4 mmol) and 18-C-6 (0.72 g, 2.74 mmol) under a nitrogen
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atmosphere. The reaction was refluxed for 4 h. After 4 h it was allowed to cool to room
temperature, worked up with saturated NH4Cl solution, and washed with diethyl ether. The
organic layer was dried over MgSO4, filtered, and evaporated to obtain dark brown crude, which
was purified by silica gel column chromatography with 1:15 diethyl ether/ hexane as the eluent.
After evaporation of solvent, yellow crystalline powder (0.108 g, 74%) was obtained.
1

H NMR (600 MHz, CDCl3, TMS): δ 8.03 (d, J = 8.9 Hz, 1 H), 7.80 (d, J = 6.1 Hz, 1

H), 7.58 (dd, 1 H), 3.58 (s, 1 H).

13

C NMR (600 MHz, CDCl3, TMS): δ 154.7, 154.5, 133.7,

129.0, 115.9, 83.6, 79.2.
2.3.7

Synthesis of compounds 9a and 9b
Ligand 11 (0.79 g, 1.84 mmol) was dissolved in benzene (150 mL) at room

temperature followed by addition of PtCl2 (0.24 g, 0.92 mmol) in a round bottom flask under a
nitrogen atmosphere. The brown suspension was stirred at room temperature for 24 h. After 24 h,
the reaction solution was filtered and the residue was washed with CH2Cl2. The filtrate was
combined with washings and the solvent was removed by rotary evaporator at 25 °C with oil
pump vacuum. The yellow crude was purified from silica gel column chromatography with 1:1
CH2Cl2/hexane followed by 1:99 diethyl ether/CH2Cl2 as the eluent giving two fractions. The
solvent from both fractions was removed by rotary evaporator at 25 °C. The first fraction gave a
light yellow powder, 9a, trans (0.206 g, 20%), Mp = 238-240 °C. The second fraction gave a
light yellow powder, 9b, cis (0.455 g, 44 %), Mp = 184-186 °C.
Trans: 1H NMR (600 MHz, CDCl3, TMS): δ 7.73-7.7 (m, 8 H), 7.61 – 7.58 (m, 4 H),
7.4 – 7.35 (m, 12 H), 7.28 – 7.24 (t overlapping with CDCl3, 8 H ), 7.14 (d, J = 5.6 Hz, 8H),
7.08 – 7.06 (t, J = 7.6 Hz, 4H), 6.99 (d, J = 8.9 Hz, 4H). 13C NMR (600 MHz, CDCl3, TMS): δ
149.9, 146.8, 136.5 (virtual t,69 JCP = 20.8 Hz), 135.0 (virtual t,69 JCP = 18.5 Hz), 130.3, 129.7,
129.5, 127.9 (virtual t,69 JCP = 16.2 Hz), 125.8, 124.1, 120.1 (virtual t,69 JCP = 9.2 Hz), 119.3
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(virtual t,69 JCP = 99.6 Hz).

31

P (600 MHz): δ 13.07 (s, JPPt = 2594 Hz). FTIR (powder): 3057,

1582, 1489, 1434, 1325, 1313, 1291, 1272, 1198, 1183, 1097, 1074, 1027, 999, 840, 825, 747,
737, 692, 658. MS calcd for C60H48Cl2N2P2Pt (M+) 1124.2317; found (ESI): 1125.2400 (M+H)+.
Cis: 1H NMR (600 MHz, CDCl3, TMS: 7.52-7.49 (dd , 8 H), 7.32-7.24 (m, 16 H),
7.17-7.14 (t, 8 H), 7.1-7.0 (t and d, 12 H), 6.76 (d, J = 8.8 Hz, 4 H). 13C NMR (600 MHz, CDCl3,
TMS): δ 150.0, 146.5, 136.4 (virtual t,69 JCP = 18.5 Hz), 134.71 (virtual t,69 JCP = 16.2 Hz), 130.5,
130.0, 129.6, 127.8 (virtual t,69 JCP = 18.5 Hz), 125.7, 124.5, 119.5 (virtual t,69 JCP = 18.5 Hz),
118.9 . FTIR (powder): 3054, 1582, 1487, 1435, 1317, 1267, 1195, 1183, 1094, 1026, 999, 821,
750, 736, 691, 658.

31

P (600 MHz): δ 13.07 (s, JPPt = 3668 Hz) MS calcd for C60H48Cl2N2P2Pt

(M+) 1124.2317; found (ESI): 1053.2941(M-Cl2)+.
2.3.8

Synthesis of compound 3
The cis complex, 9b (0.39 g, 0.34 mmol) was dissolved in CH2Cl2 (150 mL) at room

temperature followed by the addition of Et3N (75 mL), alkyne 6 (0.167 g, 1.0424 mmol), and
CuI (0.06 g, 0.315 mmol) in a round bottom flask under a nitrogen atmosphere. The light orange
solution was stirred at room temperature for 14 h. After 14 h, reaction was worked up with
saturated NH4Cl solution, the organic layer was extracted with CH2Cl2, and the aqueous layer
was washed twice with CH2Cl2.The combined organic layers were dried over MgSO4, filtered,
and evaporated by rotary evaporator. The brownish yellow crude was purified by silica gel
column chromatography with 7:3 CH2Cl2/hexane as the eluent. After evaporation of the solvent,
a yellow powder (0.33 g, 71%) was obtained. Mp = 210-244 °C (dec).
1

H NMR (600 MHz, CDCl3, TMS): δ 7.90 – 7.86 (m, 8H), 7.72 -7.69 (m, 4H), 7.61 (d,

J = 7.6 Hz, 2H), 7.23 – 7.18 (multiplet and dd, 14 H), 7.15 -7.13 (t, 8H), 7.01 – 6.99 (t, J = 7.6
Hz, 4H), 6.93 (d, J = 7.6 Hz, 8H), 6.93 (d, J = 7.6 Hz, 8H), 6.85 (d, J = 8.9 Hz, 4H), 6.56 (d, J =
38

6.9 Hz, 2H). 13C NMR (600 MHz, CDCl3, TMS): δ 155.2, 154.8, 149.4, 146.8, 136.4 (virtual t,69
JCP = 20.8 Hz), 135.1 (virtual t,69 JCP = 18.5 Hz), 131.8 (t,69 JCP = 92.6 Hz),130.0, 129.7, 129.4,
129.3, 127.7 (virtual t,69 JCP = 18.5 Hz), 125.4, 123.8, 122.4, 121.9 (t,69 JCP = 101.9 Hz), 120.2
(virtual t,69 JCP = 16.2 Hz), 117.4, 110.4 .

31

P (600 MHz): δ 13.07 (s, JPPt = 2581 Hz). FTIR

(powder): 3051, 2098, 1582, 1526, 1488, 1434, 1315, 1276, 1194, 1181, 1096, 1028, 900, 829,
805, 747, 737, 660, 619. MS calcd for C76H54N6P2S2Pt (M+) 1372.2992; found (ESI): 1373.3073
(M+H)+.
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